Objectives: Firefighters have elevated cancer incidence and mortality rates. MicroRNAs play prominent roles in carcinogenesis, but have not been previously evaluated in firefighters. Methods: Blood from 52 incumbent and 45 new recruit nonsmoking firefighters was analyzed for microRNA expression, and the results adjusted for age, obesity, ethnicity, and multiple comparisons. Results: Nine microRNAs were identified with at least a 1.5-fold significant difference between groups. All six microRNAs with decreased expression in incumbent firefighters have been reported to have tumor suppressor activity or are associated with cancer survival, and two of the three microRNAs with increased expression in incumbent firefighters have activities consistent with cancer promotion, with the remaining micro-RNA associated with neurological disease. Conclusion: Incumbent firefighters showed differential microRNA expression compared with new recruits, providing potential mechanisms for increased cancer risk in firefighters.
C
ancer is a leading cause of death among firefighters in the United States. In a recent large study, overall cancer incidence and mortality among firefighters were 9% and 14% higher than the general public, respectively, with increased mortality rates of 30% or more for mesothelioma and cancers of the esophagus, intestine, and rectum. 1 In addition, elevated incidence and/or mortality have been reported in firefighters for cancers of the bladder, kidney, lung, prostate, skin (melanoma and non-melanoma), stomach, and testes, as well as leukemia, multiple myeloma, and non-Hodgkin lymphoma. [1] [2] [3] [4] [5] [6] [7] Firefighters are occupationally exposed to carcinogens and other toxicants, including benzene, polycyclic aromatic hydrocarbons, formaldehyde, arsenic, 1-3 butadiene, cadmium, chromium compounds, asbestos, flame retardants, and particulates. 5, [8] [9] [10] [11] [12] Furthermore, most firefighters work prolonged shifts associated with sleep disruption, and shiftwork with circadian disruption has been classified as a probable human carcinogen (group 2A) by the International Agency for Research on Cancer (IARC). 11, 13 While exposure to carcinogens and elevated cancer risk have been well established for firefighters, there is limited information on the cellular mechanisms involved. Greater understanding of these mechanisms is critical to identify potentially reversible cellular changes before the development of cancer, and to help determine causation with regard to firefighter worker's compensation cancer claims. Based in part on the lack of data regarding mechanistic changes in firefighters leading to carcinogenesis, in 2010, the IARC classified occupational exposures to firefighters as only possibly carcinogenic to humans (group 2B), despite multiple epidemiologic studies demonstrating elevated cancer incidence rates in firefighters. 11, 13 Epigenetic changes, including histone modifications, DNA methylation, and microRNA (miRNA) mediated pathways, play prominent roles in carcinogenesis and cancer prevention, and have been associated with activation of oncogenes or inhibition of tumor suppressor genes. 14, 15 MiRNAs are small (18 to 22 nucleotide) noncoding RNAs involved in regulating cell cycle progression, apoptosis, and differentiation. Some miRNAs act as oncogenes by inducing oncogene expression or tumor-suppressor genes through regulation of DNA methylation and histone modification. These epigenetic changes serve as molecular biomarkers of environmental exposures and carcinogenesis. [16] [17] [18] [19] We hypothesized that occupational exposures in firefighters would lead to changes in miRNA expression associated with activation of cancer pathways and increased cancer risk. As a first step in testing this hypothesis, we designed this study to compare miRNAs in incumbent firefighters and new recruits.
METHODS
This study was a part of larger firefighter cancer prevention study working in partnership with the Tucson Fire Department. All study protocols were approved by the University of Arizona Institutional Review Board (approval No. 1509137073). To identify epigenetic changes associated with occupational carcinogen exposures in firefighters, we recruited newly employed (new recruit) firefighters before occupational exposure to fire and smoke and incumbent firefighters. After receiving a detailed explanation of the study design and potential risks, all subjects provided written informed consent. We surveyed general characteristics using questionnaires to collect information regarding age, body weight, height, working duration as firefighters, and tobacco use. Body mass index (BMI) (kg/m 2 ) was classified as normal (18.0 to 24.9), overweight (25.0 to 29.9), and obese (!30) following World Health Organization (WHO) classifications.
At the time of sample selection for the current analyses, the study subjects consisted of 55 male recruits and 117 male incumbents who had completed baseline blood sampling. One recruit was excluded because of an inadequate blood draw. The 54 remaining recruits were then matched by race/ethnicity to 54 incumbents for sample processing, for a total of 108 subjects. One recruit sample was not adequate for miRNA analysis, and five subjects (four recruits and one incumbent) were later excluded for current smoking as well as another five (four recruits and one incumbent) subjects for not completing the smoking-related questions on the questionnaire, leaving 97 (45 recruits and 52 incumbents) subjects for miRNA data analysis.
Whole blood samples were collected in Tempus TM Blood RNA tubes (Applied Biosystems, Foster City, California). Immediately after collection, the tube was vigorously shaken for 10 seconds and aliquoted into two 5 mL cryogenic tubes (VWR International, Radnor, Pennsylvania, Cat. # 89094-820). All aliquots were stored at À208C until transfer under Arizona Department of Transportation guidelines to the University of Arizona for storage at À808C for subsequent processing by the University of Arizona Genetics Core (Arizona Research Laboratories).
An aliquot for each subject was thawed for 20 to 30 minutes on ice. RNA isolation was achieved using MagMAX TM for Stabilized Blood Tubes RNA Isolation Kit (Life Technologies, Carlsbad, California, Catalog #4451893) following the manufacturer's protocol. Purified total RNA qualities and quantities were measured with the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, Delaware) and a subset was additionally quality checked using the Advanced Analytical High Sensitivity RNA assay with the Fragment Analyzer Automated CE System (AATI, Ankeny, Iowa).
MiRNA expression was measured using the nCounter miRNA.pdf). One hundred nanogram of the purified RNA was prepared by multiplexed annealing of specific tags to each target miRNA, followed by a ligation reaction, and enzymatic purification to remove the unligated tags. Five microliters of the cleaned reaction was hybridized with the Human miRNA Code Set (Nanostring Technologies part #CSO-MIR3-12) at 658C overnight. Purification and binding of the hybridized probes to the optical cartridge were performed on the nCounter Prep Station, and the cartridge scanned on the nCounter Digital Analyzer (NanoString Technologies, Inc., Seattle, Washington). Raw counts from each gene were normalized against background genes, and overall assay performance was assessed through evaluation of built-in positive controls. For comparison of age and BMI between recruits and incumbents, the Chi-square test was used. The mean comparisons of age and BMI were done by the Student t test. To evaluate the correlation between age and working duration as a firefighter, Pearson correlation was used. These statistical analyses were performed using R (version 3.4.1). MiRNAs sites with mean counts that were less than 2 were filtered, leaving 821 genes for analysis. Filtered miRNAs raw counts were first transformed and quantile normalized by Voom package 20 in preparation for linear modeling and then analyzed by the limma package. 21 A linear model with Empirical Bayes estimator was adopted, 22 with adjustment for age, ethnicity, and BMI. Probes were considered to be differentially expressed if the resulting P value was less than 0.05/m applying Bonferroni correction for multiple comparisons. The corresponding gene list was derived from the gene annotations associated with the probes.
Both K-means clustering and hierarchical clustering using the ''factoextra'' package in R 3.4.1 were used to discover miRNA clusters discriminating between the incumbent and new recruit groups. Both analyses were restricted to miRNAs differentially expressed between the two groups, adjusted for age, BMI, and ethnicity, with P values less than 0.05. The optimal cluster size was determined by minimizing within sum of squares in K-means clustering analysis. Hierarchal clustering was carried out based on complete linkage and person correlation.
The miRNA enrichment analysis and annotation tool miEAA (https://ccb-compute2.cs.uni-saarland.de/mieaa_tool/), 23 which relies on the GeneTrail framework (https://genetrail2.bioinf.unisb.de/), 24 was employed to investigate downstream effects of the miRNA clusters. Effects of single miRNAs on pathways and organs were determined by miRWalk (http://zmf.umm.uni-heidelberg.de/ apps/zmf/mirwalk2/holistic.html). 25 The miRNA-disease association was evaluated using the Human microRNA Disease Database (HMDD v2.0, http://www.cuilab.cn/hmdd). 26 Both miRWalk and HMDD are integrated in miEAA. Unless mentioned explicitly, all tools were used with standard parameters.
RESULTS
All subjects were white, and a similar percentage of incumbent and new recruit firefighters were of Hispanic ethnicity (15.4% and 13.3%, respectively). The subjects' mean age in years was significantly higher in incumbents (40.8 AE 8.7) than in recruits (28.8 AE 6.2) (P < 0.001) ( Table 1 ). The incumbent firefighters and recruits had similar BMI distributions. None of the new recruit firefighters had any previous firefighting experience. For incumbents, the mean number of years serving as a firefighter was 14.1 AE 7.3 years, and number of years of service was significantly correlated with age (Pearson r ¼ 0.818, P < 0.001). The 45 new recruits and 52 incumbent firefighters in our study did not significantly differ in terms of age, race, ethnicity, or BMI from the larger group of 89 new recruits and 352 incumbent firefighters, respectively, currently enrolled in the larger Tucson Fire Department cancer prevention study (data not shown).
Comparing incumbents to recruits and adjusting for multiple comparisons, nine miRNAs demonstrated statistically significant differences in expression at a level of at least 1.5-fold (Table 2) . Among these, only two miRNAs differed significantly by age group and none by BMI group. Expression levels of all nine miRNAs remained significantly different between incumbents and recruits after adjusting for age, BMI, and ethnicity. Comparing within incumbent and recruit groups, there were no significant differences by age for these nine miRNAs (data not shown).
Three incumbent firefighters reported a previous diagnosis of non-melanoma skin cancer, while none of the new recruits reported this diagnosis. To address this difference, we performed a sensitivity analysis by excluding the three firefighters with skin cancer, and all nine miRNAs remained significant (data not shown). Although all firefighters in the study were current nonsmokers, significantly more new recruits (11) than incumbents (four) previously smoked over 100 cigarettes (Pearson Chi-square P ¼ 0.034).
Cluster analysis was based on 234 miRNAs differentially expressed between incumbent and new recruit firefighters. The optimal number of clusters for K-mean analysis was determined to be three, with centroids hsa-miR-525-3p (cluster 1), hsa-miR-52 (cluster 2), and hsa-miR-376b-3p (cluster 3) (Fig. 1 ). There were 103, 80, and 51 miRNAs in these three clusters, respectively. An enrichment analysis was performed to investigate whether the miRNA sets within the three clusters belonged to a pathway, gene ontology, organ, or other functional category, with FDR adjusted P value less than 0.05 (Table 3) . MiRNAs in the first cluster were associated with stem cells and three pathways: inflammation mediated by chemokine and cytokine signaling; cytokine-cytokine receptor interaction; and cell adhesion molecules. MiRNAs in the second cluster were also associated with stem cells. The third cluster yielded miRNAs associated with carcinoma, Burkitt lymphoma, melanoma, and 10 targeted genes.
DISCUSSION
The study results supported our hypothesis that incumbent firefighters, compared with new recruits, would show differences in expression of miRNAs associated with cancers or cancer pathways. This adds to the scarce published literature on epigenetic effects in firefighters, to our knowledge limited to hypomethylation of dual specificity phosphatase 22 promoter, 27 and suggests potential mechanisms for the association between firefighting and cancer.
Of the nine differentially expressed miRNAs identified in our study, all six (miR-548h-5p, miR-145-5p, miR-4516, miR-331-3p, miR-181a-5p, and miR-1260a) with decreased expression in incumbent firefighters have been reported to have tumor suppressor activity or are associated with cancer survival, and two (miR374a-5p and miR-486-3p) of the three miRNAs with increased expression in incumbent firefighters have activities consistent with cancer promotion. The miR-548 family suppresses tumor cell growth and development by increasing apoptosis and regulating reactive oxygen species. 28 MiR-4516 and miR-145-5p play a role in tumor suppression by controlling p53. [29] [30] [31] MiR-331-3p acts as a tumor suppressor in colorectal and gastric cancer. [32] [33] [34] MiR-181a-5p has a tumor suppressor effect in nonsmall cell lung cancer through reduction of K-ras expression. 35 Increased levels of miR1260a are associated with survival in glioblastoma patients. 36 MiR374a-5p promotes cell proliferation, migration, and invasion in esophageal and gastric cancer, 37, 38 and is overexpressed in FIGURE 1. K-mean clustering using 234 MiRNAs.
colorectal cancer. 39 Upregulation of miR-486-3p is associated with K-ras mutation in colorectal cancer. 40 The one miRNA for which we did not find an association with cancer, miR-5010-3p, is increased in patients with Alzheimer disease. 41 In addition to their previously described roles in cancer, miR-374a-5p is overexpressed with high altitude, hypoxia, and oxidative stress, 42 miR-486-3p is increased in ST-elevated acute myocardial infarction, 43 and miR-1260a is increased in children with asthma. 44 Aging and obesity are major risk factors for cancer, 45 and they are also associated with epigenetic changes. [46] [47] [48] [49] [50] [51] [52] [53] Specific to miRNAs, age, BMI, and sex are associated with miRNA expression. 54 In our study, only two miRNAs showed significant differences in expression by age group, and there were no significant differences in miRNA expression by BMI group. Furthermore, all nine miRNAs continued to show significant differences between incumbents and new recruits following adjustment for age and BMI.
In addition to documented associations with cancer pathways, some of the miRNAs identified in our study have also been evaluated for relationships with exposures common to firefighters. In a study examining gaseous formaldehyde exposure and miRNA expression in human bronchial epithelial cells, miR-181a was one of the most significantly downregulated. 55 MiR-181a-5p expression, decreased in incumbent firefighters in our study, was downregulated in Lin-c-Kitþ cells obtained from mice exposed to benzene. 56 MiR-313-3p expression, decreased in incumbent firefighters in our study, was reduced following short-term PM 10 exposure in a population of overweight/obese subjects, 57 but was increased in lung adenocarcinoma patients exposed to asbestos compared with nonexposed patients with adenocarcinoma. 58 MiR-4516 expression was decreased in our incumbent firefighters, but was upregulated in a study of A549 cells exposed to PM 2.5 as well as the serum of persons living in a Chinese city with moderate air pollution. 59 MiR-145-5p expression was decreased in our incumbent firefighters, but increased in service members with polychlorinated dibenzodioxin (PCDD) and polychlorinated dibenzofuran (PCDF) exposures from open air burn pits comparing pre-and post-deployment. 60 However, to evaluate for dose-response relationships specific to firefighters, longitudinal studies including exposure assessment and measurement of miRNA changes are needed.
Cluster analysis comparing the incumbent firefighters to new recruits identified miRNA groupings associated with stem cells, inflammation, cytokine-cytokine receptor interactions, cell adhesion molecules, cancers, and a number of target genes. MiRNAs control stem cell self-renewal and differentiation, 61 and through this role have been implicated in the etiology of a variety of cancers. 62, 63 For example, hsa-miR-302a-3p and hsa-miR-302b-3p, enriched in cluster 1, and hsa-miR-302d-3p, enriched in cluster 2, belong to the miR-302 family, which has important roles relative to stem cells. 64 MiR-302 inhibits human pluripotent stem cell tumorigenicity by enhancing multiple G1 phase arrest pathways. 65 Moreover, the miR-302 family functions to reprogram skin cancer cells into a stem celllike pluripotent state. 66 MiR-137, enriched in cluster 2, is downregulated in colon cancer stem cells compared with normal colon stem cells. 67 MiR-124 and 137 also regulate the differentiation and proliferation of neural stem cells and glioblastoma-multiforme tumor cells. 68 Beyond stem cells, all three pathways identified in cluster 1 were related to inflammation. Chronic inflammation has long been linked with cancers. 69 Inflammation mediated by the chemokine and cytokine signaling pathway (P00031) includes chemokineinduced adhesion and migration of leukocytes 70, 71 and miRNAs differentially expressed in lung cancer, 72 AIDA 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 ANKRD17 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 CCNB2 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 CSNK2A1 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 DHX9 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 IPO7 5 let-7a-5p; let-7b-5p; let-7c-5p; miR-106b-5p; miR-1226-3p 0.010 LTA4H 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 NME4 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 PTGES2 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 RPS24 3 let-7a-5p; let-7b-5p; let-7c-5p 0.019 senescence, and aging. 75 The cytokine-cytokine receptor interaction pathway (CCRI, hsa04060) is a large pathway that includes 270 related genes. 76 Cytokines that act through receptors are released in response to infection, inflammation, and immunity, and cytokines and cytokine receptors can function to inhibit tumor development and progression. Cancer cells also respond to host-derived cytokines that promote growth, attenuate apoptosis, and facilitate invasion and metastasis. 77, 78 Cell adhesion molecules (CAMs, hsa04514), constituting the third pathway, play a critical role in a wide array of biologic processes, including immune response and inflammation, contributing to cancer development. [79] [80] [81] The third cluster identified in our analyses included specific cancer types and genes. Of the 19 miRNAs enriched in carcinomas, three of them were from the miRNA let-7 family and are reported to be downregulated in human lung carcinomas, where reduced let-7 expression is associated with a poor cancer prognosis. 82 Also among these 19 miRNAs, miR-21 and miR-181 are potential diagnostic or prognostic biomarkers for nonsmall cell lung cancer, 83 and miR-106 and miR-93 are expressed in hepatocellular carcinoma. 84 The enriched let-7 family in cluster 3 targets 10 genes, and let-7 is highly conserved in human organs and associated with colon adenocarcinoma, kidney renal clear cell carcinoma, esophageal carcinoma, lung squamous cell carcinoma, and liver hepatocellular carcinoma, among others. 23 Specifically, CSNK2A1, IP07, and DHX9 are coexpressed in kidney renal clear cell carcinoma and lung squamous cell carcinoma. 24 Our study has a number of limitations. The number of firefighter participants was limited and cross-sectional in nature, and larger prospective longitudinal studies are needed to validate the epigenetic changes observed. Although we adjusted for age, there were only a limited number of new recruits older than 40 years of age, and similarly only a limited number of incumbent firefighters less than 30 years old. We did not validate the miRNA findings using a second technique, given the strong correlation reported among multiple miRNA platforms including NanoString. 85 Although we did not have complete information on toxic exposures outside of firefighting, previous use of cigarettes was lower in the incumbent firefighters, so we do not believe that this past exposure could explain the miRNA findings. We were not able to adjust for other potential confounders due to incomplete responses to survey questions such as but not limited to diet and exercise. Additional studies in other geographic regions are also needed to determine whether the results of our study are generalizable to firefighters elsewhere.
In conclusion, this study identified multiple miRNAs with significantly different expression levels comparing incumbent firefighters with new recruits. These findings suggest potential mechanisms for development of cancer in firefighters.
